For the first time, the specific activities of chitinases, esterases, lipases and a serine protease 2 (VCP1) produced by different isolates of the nematophagous fungus Pochonia 3 chlamydosporia were quantified and compared. The isolates were grown for different time 4 periods in a minimal liquid medium or media supplemented with 1 % chitin, 0.2 % gelatin or 5 2 % olive oil. Enzyme-specific activities were quantified in filtered culture supernatants using 6 chromogenic p-nitrophenyl substrates (for chitinases, lipases and esterases) and a p-7 nitroanilide substrate (to measure the activity of the proteinase VCP1). Additionally, 8 information on parasitic growth (nematode egg parasitism) and saprotrophic growth (plant 9 rhizosphere colonisation) was collected. Results showed that the production of extracellular 10 enzymes was influenced by the type of medium (p<0.05) in which P. chlamydosporia was 11 grown. Enzyme activity differed with time (p<0.05), and significant differences were found 12 between isolates (p<0.001) and the amounts of enzymes produced (p<0.001). However, no 13 significant relationships were found between enzyme activities and parasitic or saprotrophic 14 growth using Kendall's coefficient of concordance or Spearman rank correlation coefficient. 15
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Origin of cultures and characterisation 104
The eleven isolates of P. chlamydosporia used in this study were selected from the 105 400 different isolates in the Rothamsted Research (England, UK) culture collection. The 106 selection criteria were based on prior information about each of the isolates in terms of host 107 nematode and geographic origin, in order to have isolates from different hosts, substrata and 108 geographic origins. All the isolates (Table 1) were previously tested for the presence of the 109 specific diagnostic primers derived from the ß-tubulin gene, and confirmed to be P. 110 chlamydosporia var. chlamydosporia using PCR (Hirsch et al. 2000) . DNA fingerprinting 111 enabled the discrimination between different isolates of P. chlamydosporia grown in pure 112 culture (Arora et al. 1996) . The isolate 392, originally isolated from Cuba, was identified as P. 113 chlamydosporia var. catenulata, and could also be distinguished from isolates of P. 114 chlamydosporia var. chlamydosporia using specific PCR primers (Atkins et al. 2003b) . 115
116
Quantitative studies on the production of extracellular enzymes 117
Eleven P. chlamydosporia isolates (Table 1) Germany) and in the same medium supplemented with: 120 a) 0.2 % gelatin (from porcine skin, Sigma); gelatin was filtered through a Millipore 121 filter (45 µm aperture) before it was added aseptically into autoclaved medium. 122 b) 1 % (w/v) chitin (from crab shells, practical grade, Sigma); chitin sieved through a 123 30 mesh aperture sieve before use. This medium had to be poured aseptically in constant 124 agitation to ensure its homogeneity (Segers 1996) . 125 c) 2 % (v/v) extra virgin olive oil and 0.25 % sodium dodecyl sulphate (SDS) (w/v). 126
Stock solutions of SDS and olive oil were prepared and were added aseptically to the 127 autoclaved medium individually. 128
The experiment had different aims. The first aim was to study the production of 129 enzymes by the different isolates on the different medium amendments. The medium, in 130 M A N U S C R I P T
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Experimental conditions and fungal inoculation: 137
Twenty millilitres of each medium were poured into 50 ml plastic tubes and were 138 inoculated with four agar plugs (5 mm) colonised with the fungus (three replicates per isolate, 139 per medium and per each day of sampling). Samples were incubated in the dark, at 28 °C, in 140 an orbital shaking incubator at 120 rpm (Gallenkamp). After three, five and seven days, the 141 supernatant was collected and filtered using filter paper (Whatman N° 1). In order to reduce 142 the volume of each sample, the supernatant was freeze-dried and re-suspended in 1 ml of 143 sterile distilled water to be measured for enzyme production. 144
Total protein concentration was measured according to Bradford (1976) were pipetted into the wells of a 96 well microtitre plate and incubated at 37 ºC for 1 h using a 164 boiled enzyme extract as a control, as described above. The reaction was stopped by the 165 addition of 150 µl of trichloroacetic acid (10 % w/v) and neutralised by adding 50 µl of 1M 166 NaOH. Plates were centrifuged (3000 rpm, 10 minutes) and supernatants (150 µl) transferred 167 to a 96 well half-size enzymoimmunoassay plate (175 µl cavities). Blank samples were 168 prepared similarly but with an inactivated enzyme solution (100 ºC, 10 min.), and absorbance 169 measured at 440 nm in the MRX multiscan plate reader. A standard curve was calculatedM A N U S C R I P T
A C C E P T E D ARTICLE IN PRESS
8 using commercial protease from Aspergillus oryzae (500 Units g -1 ; 10 µl = 0.0148 g), at a 171 concentration between 0.5 to 50 U. Total enzyme activity was calculated from the standard 172 curve and was expressed as units of proteases ml -1 (U ml -1 ). One unit of protease activity is 173 defined as the amount of enzyme that produces an increase in absorbance of 1 in 1h at 440 174 nm. 175 III. VCP1 activity was assayed using N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide 176 (Segers et al. 1994 ). Enzyme extract (2 µl), substrate (100 µl) and buffer (98 µl of 0.1 M Tris 177
HCl pH 7.9) were mixed in microtubes (500 µl), and absorbance was immediately and 178 continuously measured at 410 nm for three minutes at room temperature, using a 179 spectrophotometer (CaryWin UV). One unit of activity (U) was defined as the amount of 180 enzyme that releases 1 µmol p-nitroanilide min -1 ml -1 . 181
Design and statistical analysis: To compare the effects of different medium amendments, 182 time of secretion and differences between isolates, analysis of variance (ANOVA) was 183 applied to the data using GenStat ® (2007) . The data were checked to ensure the normality of 184 variance by plotting histograms of residuals and plotting the residuals against the fitted 185 values. Where data showed a clear skewed distribution, they were log transformed to the 186 specific enzyme activity plus an adjustment (1) to account for zero observations. Following 187 ANOVA, least significant differences (LSD) were used to statistically separate the means at 5 188 % level of confidence. Kendall's coefficient of concordance measures the degree of correspondence between two or 197 more rankings and assesses the significance of this correspondence (Kendall & Gibbons 198 1990 ). This test was used to rank nine isolates of P. chlamydosporia (10, 16, 60, 132, 104, 199 280, 392, 399 and 400), from one (smallest in the rank) to nine (greatest in the rank), Quantitative studies on the production of extracellular enzymes 247
Enzyme activity in response to medium amendments 248
The amounts of enzymes which were produced by P. chlamydosporia isolates during 249 five days of growth in liquid media varied according to the media (p<0.05) in which the fungi 250 were grown. Proteolytic activity was significantly greater (p<0.05, using LSD) in minimal 251 medium than in a medium containing gelatin (Fig 1-A) (means of proteases on the log scale 252 for the media: minimal medium 1.018, chitin 0.419, gelatin 0.543, olive oil 0.480; LSD (5 %) 253 = 0.1947). The secretion of chitinases was greater (p<0.05) in a medium supplemented with 254 gelatin than in one enriched with chitin, or when the fungi were grown in minimal medium 255 (Fig 1-B) (means of chitinases on the log scale for the media: minimal medium 0.260, chitin 256 0.007, gelatin 1.395; LSD (5 %) = 0.1005). The greatest amounts of chitinases were produced 257 by isolates 16, 69, 132 and 280, whereas the least amounts were measured in isolates 60, 392, 258 399 and 400 (Fig 1-B) . Lipolytic activity was low in most of the isolates and in all the media 259 tested, being significantly greater (p<0.05) in the medium supplemented with olive oil (Fig 1-260 C) (means of lipases on the log scale for the media: minimal medium 0.040, gelatin 0.087, 261 olive oil 0.234; LSD (5 %) = 0.1295). Isolates 69, 104, 132, 280 and 309 did not produce this 262 enzyme in any of the media tested (Fig 1-C) . Esterase production was higher (p<0.05) in the 263 medium supplemented with gelatin but was repressed in media enriched with the olive oil, 264 where this enzyme was not detected in most of the isolates (Fig 1-D) (means of esterases on 265 the log scale for the media: minimal medium 0.421, gelatin 1.078, olive oil 0.056; LSD (5 %) 266 = 0.1283). The activity of VCP1 was detected in all the isolates when grown in the medium 267 supplemented with chitin, but its production was more variable when isolates were grown in 268 minimal medium or medium enriched with gelatin (Fig 2) (means of VCP1 on the log scale 269 for the media: minimal medium 0.307, chitin 0.575, gelatin 0.212; LSD (5 %) = 0.0792). In 270 medium supplemented with chitin, isolate 69 showed the highest VCP1 activity among all 271 isolates, equivalent to 5.3 U (Fig 2) . 272
Enzyme activity and time of secretion 274 Enzyme activity differed with time and isolate. For the majority of the isolates, the 275 production of proteases in a non-supplemented medium, did not differ significantly (p>0.05) 276 between the first two sampling occasions but decreased significantly by day seven (Fig 3-A)  277 (means of proteases on the log scale for days: day three 0.945, day five 1.018, day seven 278 0.795; LSD = 0.1412). Chitinolytic activity was greater after five days of growth for the 279 majority of the isolates (p<0.05), and then decreased significantly (p<0.05) after this time (Fig  280   3-B) (means of chitinases on the log scale for days: day three 0.599, day five 1.395, day seven 281 1.199; LSD = 0.1462). Lipases were secreted in small amounts when compared with the 282 production of the other enzymes assayed, and were in general produced later (Fig 3-C) . 283 However, differences between days five and seven were not significant (means of lipases on 284 the log scale for days: day three 0.103, day five 0.234, day seven 0.304; LSD = 0.1354). 285
There were no significant differences between secretion of esterases and time (p>0.05) (Fig 3- The comparison between isolates of P. chlamydosporia on the production of 292 extracellular enzymes revealed significant differences between isolates (F 10, 85 = 7.71, 293 p<0.001) and amounts of enzymes produced (F 3, 85 = 114.86, p<0.001) when data were 294 analysed using ANOVA. Significantly greater amounts of chitinases were produced (mean 295 35.27 U ± 2.5; log mean 1.395), compared with esterases (18.49 U ± 2.0; log mean 1.078) and 296 proteases (10.78 U ± 1.6; log mean 1.018) which were produced in similar quantities (p>0.05, 297 using LSD = 0.1295). Lipases (1.41 U ± 0.7, log mean 0.234) were the least secreted enzymes 298 (Fig 4) . Also there was a highly significant interaction between isolates and enzymes ( Spearman's rank of correlation showed no significant relationships between enzyme 308 production, egg parasitism or saprotrophic growth (rhizosphere colonisation) (coefficient = 309 0.110, adjusted for ties 0.113; p= 0.611) (Tables 2 and 3 ). Isolate 16 was the highest ranked 310 among the nine isolates analysed, and although it was the most extensive rhizosphere 311 coloniser and the best producer of proteases and chitinases, it was only average in terms of 312 parasitizing eggs (Table 2 ). In contrast, the second ranked isolate 280, a poor saprotroph in 313 the rhizosphere of maize, was the most virulent egg parasite in the in vitro tests and the best 314 producer of chitinases (Table 2 ). Isolate 400 was the lowest ranked, and although it was a 315 weak parasite and a good rhizosphere coloniser, it produced very small amounts of enzymes, 316 with the exception of lipases (Table 2) . Furthermore, Spearman's rank correlation coefficient 317 showed no significant correlations between the different enzymes studied, parasitism or 318 saprotrophic growth (Table 3) 
Quantitative studies on the production of extracellular enzymes 323
Pochonia chlamydosporia isolates produced varied amounts of enzymes and 324 responded differently when supplements were added to the medium. Gelatin induced the 325 production of chitinases and esterases but surprisingly did not increase the production of 326 proteases and VCP1. The gelatin was obtained from porcine skin and may have favoured the 327 production of other enzymes apart from proteases. In a previous study, the use of a higher 328 concentration of gelatin (1% instead of 0.2% used in this study) strongly repressed VCP1 329 activity, as did albumin, whereas fibrous collagen enhanced protease production (Segers 330 1996). It was concluded that the inductive effect of protein was not a generic response, and 331 that the response depended on the source of protein used. 332
Similarly, chitinase activity was not induced in the medium amended with chitin but 333 increased the activity of VCP1. The type of chitin used was of practical grade (from crab 334 shell), and although it was washed and sieved before use, it may have contained other 335 nutrients apart from chitin which could have induced other enzymes such as VCP1. Because 336 chitin is insoluble in water, it may have been less accessible to the fungus and did not induce 337 the production of chitinases. The physical presence of chitin in suspension, absent in other 338 media tested, may have provided physical support for fungal growth, and this may have been 339
another reason for the production of the serine protease VCP1 being favoured. High VCP1
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13 titres were also found by Segers (1996) using a similar source of chitin in suspension. 341
Furthermore, in the same study, the combined use of chitin and collagen, both insoluble, 342 resulted in an increased VCP1 activity (Segers 1996) . Interestingly, all the isolates tested 343 showed VCP1 activity in the medium containing chitin. In contrast, the cyst nematode isolate 344 isolated from spores in New Zealand (isolate 69) and the root-knot nematode isolate isolated 345 from soil in Cuba (isolate 392) which is a variant, P. chlamydosporia var. catenulata, had 346 significantly lower VCP1 activity in the minimal medium and the medium amended with 347 gelatin. The apparently lower activity of the enzyme in these two isolates could be due to 348 reduced substrate affinity rather than a less active serine protease and, therefore, the results 349 In this study, the production of enzymes secreted in amended and non-amended media 359 varied with time. Although the enzyme activities were detected using artificial substrates, they 360 might mimic the response of P. chlamydosporia when in contact with nematode eggs. 361
Because the first layer of the nematode eggshell contains mainly protein, proteases may be the 362 first enzymes to be secreted by the germinating fungus but they are also required through time 363 in order to degrade the middle and inner eggshell layers that also contain protein, chitin and 364 lipids. Proteases may also be required to degrade the protein contained in the juvenile 365 nematode within the egg and to emerge from the eggshell after the egg's contents are 366 consumed. The time of secretion of these two enzymes is also considered to be important in 367 entomopathogenic fungi, in which proteases are secreted in the initial stages of infection, 368 followed by chitinases (St. Leger et al. 1986 ). The production by mycopathogens of 369 exochitinases in the late stage of infection may play a role in inhibiting the development of 370 other microbial competitors for chitin (Wattanalai et al. 2004) . In this study, chitinases were 371 the enzymes secreted with greatest specific activity, followed by esterases and proteases. The 372 eggshell layer which contains chitin is the thickest of the three layers (Bird & Bird 1991) and 373 is probably the reason why the fungus produces large amounts of this enzyme. 374 M A N U S C R I P T
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The role of esterases in the physiology of this fungus is not clear. Segers (1996) 375 detected high esterase activity in culture filtrates of P. chlamydosporia and in pure VCP1 376 enzyme and found that VCP1 was highly active in the hydrolisation of short (C4-C6) and 377 medium (C7-C10) chain esters whereas Pr1, a serine protease secreted by M. anisopliae, was 378 active against short chain esters only. The ability to degrade both long and short chains of 379 esters may reflect the nutritional versatility of P. chlamydosporia. Esterases are known to be 380 important in fungal metabolic processes and in substrate degradation but their role in 381 virulence has not been investigated in nematophagous fungi. However, these results are the 382 first to quantify the production of these enzymes by this fungus. Furthermore, a high 383 competitive saprotrophic ability, rapid spore germination and high growth rate can depend on 384 a high production of extracellular enzymes (Faull 1988 1993) but other parameters such as virulence, saprotrophic ability and spore production 399 should be considered in the selection of potential biocontrol agents. In this study, differences 400 in enzyme production were found between isolates of P. chlamydosporia. However, the 401 amounts and types of enzymes secreted by individual isolates were shown to differ with 402 nutrition and time; therefore, cultural conditions appear to have an important effect on the 403 results obtained and must always be standardised for meaningful comparisons to be made. 
